Enzymological analyses showed that the modification narrowed the pH-activity profile of L-l and made L-l sensitive to salt concentration of the assay solution. Strong inactivation by modification was found at low salt concentration and low pH. This was not due to a physical change of the linoleic acid. On the other hand, product specificity of L-l was not altered after modification. Taken together, the modified arginine residue(s) was thought to be not essential to the catalysis but have an important role in supporting an ideal electrostatic interaction within L-l and/or between L-l and a substrate even in sub-optimal reaction conditions.
Introduction
Lipoxygenase (E C 1.13.11.12) is a nonhem e iron dioxygenase th at plays a m ajor role in p olyunsatu rated fatty acid m etabolism in plants and anim als (Y am am oto, 1992; Siedow, 1991; Vick and Z im m erm an, 1987) . E nzym atic p ro p erties of a lipoxy genase isolated from soybean seeds, lipoxygenase-1 (L -l), have been extensively investigated b e cause it is readily o b tain ed abu n d an tly in a p u ri fied form . F rom linoleic acid L -l abstracts pro-S hydrogen b ound to a m ethylene carbon atom (C n ) of the p en tad ien e system and introduces di oxygen at C 13 in the S configuration to yield 135-h y d ro p e ro x y -(9 Z ,ll£ )-o cta d e c a d ie n o ic acid (Vick and Z im m erm an, 1987) . F rom 1987, w hen Shibata et al. (1987) firstly re p o rte d the prim ary structure of L -l, rep o rts on cD N A sequences of lipoxy genase in plants and anim als have been accum ulat ing (Shibata et al., 1988; Y enofsky et al., 1988; Ealing and Casey, 1988; Sigal et al., 1988; Yoshim oto et al., 1990; O h ta et al., 1992; M elan et al., 1993; M elan et al., 1994) . F u rth erm o re, Boyington Reprint requests to Dr. K. Matsui. Telefax: +81-839-22-6607. et al. (1993) rep o rted the three-dim ensional struc ture of L -l. W ith this im provem ent, several am ino residues in L -l have been p ostulated to have an essential role in catalysis and substrate binding. A lthough essential roles of som e histidine residues w ere confirm ed with site-directed m utagenesis (Steczko et al., 1992) , those of the o th e r residues have not been exam ined in detail. A t first, we in tended to exam ine a role of arginine residues in L -l with chem ical m odification. L -l has an alk a line pH optim um (ranging from 8 to 10) w here the term inal carboxyl group of a fatty acid substrate ionized to the carboxylate anion. G a rd n e r (1989) rep o rted th at the carboxylate anion of a substrate is im portant for L -l to recognize it in a p ro p e r orientation in the reaction center, and that recog nition of the anion has a crucial role in d ete rm in ing product specificity of L -l. In m any enzymes, an arginine residue has been re p o rte d to function as a residue recognizing a carboxylate anion of a substrate (B atem an et al., 1989; K atam ori et al., 1990) . O n the o th er hand, com parison of prim ary structures of various lipoxygenases show ed th at several arginine residues are highly conserved. Some such arginine residues locate in a histidine rich region (Shibata et al., 1988 ) and the C -ter-m inal highly conserved region, and som e are re p o rted to locate in two cavities which are p o stu lated as a su b strate binding site and an oxygen path (B oyington et al., 1993) . Taken together, th ere is evidence th a t arginine residues have im p o rta n t role in the enzym e reaction of L -l. Thus, arginine residues of L -l w ere m odified w ith an arg inine-directed chem ical m odifier, 2,3-butanedione, and biochem ical p ro p erties of the m odified L -l w ere exam ined.
Materials and Methods

Materials
L -l was purified from soybean seeds ( Glycine m ax L. T am ahom are) essentially as described by A xelrod et al. (1981) . A ll the experim ents d e scribed in this p a p e r have been ru n with a purified enzym e having a specific activity of about 100 U / mg p ro tein . O ne unit of the enzym e was expressed as the am o u n t o f enzym e form ing 1 [imol of hydroperoxide/m in at 25 °C. Linoleic acid (99% pure) was purchased from Sigma Chem ical Co. (St. Louis, M O ) and purified by silica gel colum n chro m atography p rio r to use. Linoleyl alcohol was p re pared by redu ctio n of linoleic acid with lithium alum inum hydride. A chem ical m odifier, 2,3-butanedione, was a p ro d u ct of W ako Pure Chem ical Industries, O saka, Japan. All o th e r chem icals w ere purchased from com m ercial sources.
E n zy m e assay
A ctivities of L -l w ere d eterm in ed spectrophotom etrically at 25 °C by follow ing the form ation of linoleic acid h y droperoxide at 234 nm (e = 25,000 M^cm '1) in 200 mM sodium borate, pH 9.0 or 5 mM sodium b o rate, pH 8.0 unless otherw ise stated. To 2.965 ml of the buffer, 25 (il of the sub strate solution (10 mM linoleic acid dispersed with 0.2% Tw een 20, final co ncentration; 83.3 [iM lin oleic acid and 0.0017% Tween 20) was added, then the reactio n was started with the addition of 1 0 [il of the enzym e solution.
M odification o f lipoxygenase-1 with 2,3-butanedione R eagents and buffers w ere p rep ared fresh daily. Purified L -l was co n cen trated by precipitation with am m onium sulfate and redissolved in and dialyzed against 10 m M sodium phosphate buffer, pH 6 .8 . U nless otherw ise specified, m odification was carried out with 0.5 mg/ml of L -l and 5 mM 2,3-butanedione in 50 m M sodium borate, pH 9.0 at 30 °C. The reaction was initiated by adding 50 |il of 10 m M 2,3-butanedione dissolved in 100 m M sodium borate, pH 9.0 to 50 [il of the enzym e solution ( 1 mg/ml, p rep a re d by dilution of 1 0 mg/ ml stock enzym e solution w ith distilled w ater). A t suitable tim e intervals, sam ples w ere rem oved and diluted 100-fold with 50 m M sodium borate, pH 9.0 and im m ediately assayed. For p ro tectio n of L -l from m odification with 2,3-butanedione, 1 mg/ml lipoxygenase-1 was prein cu b ated with 0.5 mM lin oleic acid dispersed in 0.01% Tween 20 for 10 min at 30 °C. Subsequently, an equal volum e of 2,3-butanedione solution ( 1 0 mM) was added to start the m odification reaction. The activity of the m odified enzym e was expressed in % to the ac tivity of the intact enzym e th at was incubated under the identical conditions w ithout 2,3-butanedione. Product specificities of m odified and intact L -l were analyzed as described previously (M atsui et al., 1992) .
Other m ethods
A m ino acid analysis was carried o ut with L -l m odified for 20 min with 2,3-butanedione u n der the standard conditions described above. M odified L -l was transferred into 30% acetic acid to stop fu rth er reaction and to stabilize the m odified argi nine. A fter dialysis against 30% acetic acid, the solvent was rem oved and the residue was hy drolyzed with HC1 vapor for 72 hr and the am ino acid content was analyzed w ith an am ino acid a n a lyzer (L-8500, H itachi Co. Japan). P rotein content was determ ined by the m odified m eth o d of Low ry (D ulley and G rieve, 1975) . d s-P a rin a ric acid was used to m onitor physical state of linoleic acid in aqueous solution as a hydrophobicity p robe (Sklar et al., 1977) . Into 3 ml of 5 m M sodium borate, pH 8.0 or 0.2 m sodium borate, pH 9.0 containing various concentration of linoleic acid and Tween 20 (linoleic acid to Tween 20 ratio was kept con stant), 5 [.il of 2.4 mM d s-p arin a ric acid dissolved in ethanol supplem ented w ith 2.4 mM butylated hydroxytoluene was added. F luorescence derived from d s-parinaric acid was m o n ito red with a H ita chi fluorom eter (m odel 0 5 6 -10S) with excitation at 325 nm (slit w idth 3 m m ) and em ission 420 nm (slit w idth 6 m m ) at 25 °C. Fig. 1 shows the tim e course of the rem aining activity of L -l after add itio n of 5 mM 2,3-butane dione to L -l (0.5 m g/m l) in 50 mM sodium borate, pH 9.0. A lth o u g h the activity changed little w hen the assay was p erfo rm ed with 200 mM sodium borate, pH 9.0, w ith decreasing eith er the salt con centration o r p H value of th e assay buffer, a slight inactivation was observed. D ecrease in the salt concentratio n from 200 mM to 5 mM m ade the in activation m ore p ro n o u n ced th an that in pH value from 9.0 to 8.0. W hen assays w ere perform ed with 5 mM sodium borate, p H 8.0, which is a sub-opti mal condition for L -l assay, and only 61.3% of the activity observed with 200 mM, pH 9.0 could be detected w ith intact L -l, rapid inactivation was evident. W ith eith er the longer incubation (up to 180 m in) o r the higher con cen tratio n of 2,3-butanedione (up to 50 mM), a b o u t 20% of the orig inal activity still rem ained. This value seem ed to depend on the assay condition, that is, with the enzyme thoroughly tre a te d with the reagent about 80 or 65% of the original activities w ere still d e tected w hen assays w ere perform ed with 2 0 0 mM borate buffer, pH 8.0 or 5 mM, pH 9.0, respectively. A m ino acid analysis of L -l m odified for 20 min revealed th at 6.2 residues of arginine of total 37 (Shibata et al., 1987) w ere m odified and o th er resi dues w ere not. A n o th e r chem ical m odifier di rected for an arginine residue, phenylglyoxal, also inactivated this enzyme at 5 mM. T aken together, it was indicated that the inactivation was caused actually by m odification of arginine residue(s). As shown in Fig. 2 , the ra te of inactivation followed pseudo-first order kinetics and was a function of the reagent concentration. The reaction o rd er with respect to 2,3-butanedione was d eterm ined as 1.29 from double-log plots of the pseudo first-orderrate constants as a function of reagent concen tration (Fig. 2, inset ). This kinetic value indicated that the inactivation of L -l by 2,3-butanedione was essentially caused by m odification of one argi nine residue of L -l.
Results
Inactivation o f L -l by 2,3-butanedione
R io rd an (1973) rep o rted th at th e m odification of an arginine residue by 2,3-butanedione resulted in the form ation of a b o rate com plex of 4,5-dim ethyl-4,5-dihydroxy-2-im idazoline and th at this reaction is readily reversible. If th e inactivation of L -l w ith 2,3-butanedione was caused by the fo r m ation of this adduct, the inactivation would be reversed by the rem oval of b o rate from the reac tion m ixture. In o rd e r to confirm this possibility, L -l, which had lost ab o u t 75% o f the original ac tivity as a consequence of exposure to 2,3-butanedione in th e presence of b o rate fo r 62 min was diluted 100-fold with 50 m M pyrophosphate, pH 9.0 and incubated fu rth e r at 30 °C. A s shown in Fig. 3 , th e activity of L -l was re sto re d to its orig inal level w ithin 20 m in. This result indicated that the arginine-2 ,3 -b u tan ed io n e-b o rate adduct was form ed and responsible for the inactivation of L -l, and th at an irreversible d e n a tu ra tio n of L -l little occurred during the m odification process.
A lth o u g h the results shown above unequivo cally indicated th a t th e m odification of arginine residues accounted for the inactivation of L -l, it was th o u g h t th at the m odification occurred at o th er th an around th e active c en ter of L -l. Thus, we tried to protect the m odification by concom i tant incubation with a substrate, linoleic acid, d u ring m odification reaction. A s show n in Fig. 4 , linoleic acid effectively p ro tec te d this enzym e from the inactivation by 2,3-butanedione. A sub strate analog, linoleyl alcohol w hich show ed reac tivity of only about 1 0 % of th at of linoleic acid under the standard assay condition, exerted only a little protective effect. The o th e r substrate analogs such as undecylenic acid or oleic acid, which are not substrates for L -l, did n o t p ro tect L -l even if these analogs were used at 2.5 m M . These results suggested that the protective effect caused by lin oleic acid could be accounted for a specific substrate-enzym e recognition of L -l. Thus, m odified arginine residue(s) responsible to the inactivation is suggested to locate around the active cen ter of L -l.
Properties o f m odified L -l
(1) pH -activity profile. A s show n in Fig. 5 , intact L -l show ed broad pH -activity curve. A fte r m odifi cation, the curve becam e narrow er, and low er ac tivity was evident at lower pH . T hat is, at pH 9.5 or higher m odification caused only about 5 -2 0 % inactivation, while the rate of inactivation in creased with decreasing pH value of the assay m ix ture. A t pH 8.0 about 70% of the initial activity was lost. (2) Effect of salt concentration. E ffect of argi nine m odification of L -l was m ost p ronouncedly observed w hen dep en d en ce of the activity on salt concentration was assayed. Increase of sodium borate concentration enhan ced the activity of both intact and m odified L -l but differently. W ith m odified L -l the activity increased linearly up to 100 m M w here ab o u t 10-fold of the activity was observed. O n the o th e r hand, with intact L -l hy perbolic curve was o b tain ed , and the en h an cem en t was only tw o-fold (Fig. 6 ). This is not specific only to sodium borate. W ith ad dition of KC1 to 5 mM sodium borate, b o th the activity increased. A gain, the enhancem ent sa tu ra te d low er co n cen tratio n with intact L -l th an w ith m odified one. F u rth e r m ore, while the activity of intact L -l increased only two-fold, th at of m odified L -l did five-fold. oxy-(10£',12£)-octadecadienoic acid was 94.8/1.3/ 2.7/1.3. This value is equivalent to the value o b served with 0.2 m sodium borate, p H 9.0 (M atsui et al., 1992) although G ard n er (1989) observed a slight increase of 9-hydroperoxide ratio at pH 8.0. U nexpectedly, the m odified L -l show ed alm ost the sam e product specificity, i.e., 13-hydroperoxy-(9Z, 11 £')-/13-hydroperoxy-(9£',l 1 £)-/9-hydroperoxy-(10£',12Z)-/9-hydroperoxy-(10£',12£')-octadecadienoic acid was 95.0/1.0/3.0/1.0. Thus, it was indicated that o rien tatio n of a substrate in the re action center of L -l is not affected by the m odifi cation of arginine residue(s) although the activity u n d e r the assay conditions highly differed.
(3) S-V plots. B oth the intact and m odified L -l show ed S-V plot alm ost obeying M ichaelis-M enten kinetics w hen assays w ere perform ed in 0.2 m sodium borate, pH 9.0. D ouble reciprocal plots revealed th at k m values w ere 29.2 and 26.7 p,M for intact and m odified L -l, respectively (not shown). W hen assays w ere perform ed in 5 m M sodium borate, pH 8.0, S-V plot of both the intact and m odified L -l were n o t hyperbolic. D ouble-reciprocal plot for the intact L -l show ed a sym ptom of substrate inhibition. O n the o ther hand, the activity of m odified L -l proportionally increased as the concentration of linoleic acid in creased at least within the concentration exam ined. It should be noticed that with higher concen tratio n range, w here activity of intact L -l increased only in a lesser extent, the activity of m odified L -l increased still linearly.
Physical state o f linoleic acid
B ecause the substrate, linoleic acid, is am phiphilic, increase of the co n centration w ould cause form ation of aggregates such as acid-soap and m icelle (V erhagen et al., 1978) . F orm ation of such aggregates has been rep o rted to affect L -l activity (V erhagen et al., 1978; G ibian and C olanduoni, 1984) . In the case of the m odified L -l, changes of the physical state of linoleic acid was thought to be one of the reasons why the inactivation was m anifested with the specific assay conditions. Thus, the physical state of the su b strate in the as say conditions was m onitored with d s-p arin aric acid as a fluorescent, hydrophobic p ro b e (Sklar et al., 1977) . d s-P arin aric acid is th o u g h t to an ideal fluorescent p ro b e because it has structural sim ilarity with linoleic acid. The fluorescence titra tion curve was ra th e r com plicated as shown in Fig. 7 . T here are at least two points w here physical (V erhagen et al., 1978) . B ecause final co ncentration of linoleic acid was 83.3 |a m , these analyses indicated th at in both the assay conditions acid-soap form was m ost abun d a n t species, and th at the acid-soap to m onom er ratio w ere not so different each other. Thus, ob served difference of the m odified L -l activity de p ending on the assay buffer seem ingly did not derived from difference in the physical state of the substrate.
Discussion
A lthough am ino acid analysis indicated that arginine residues of L -l w ere readily m odified with 5 m M 2,3-butanedione, effect of m odification was only observed with sub-optim al assay con dition of L -l, i.e., 5 mM sodium borate, pH 8.0. Thus, significance of the m odified arginine resi dues for enzym atic catalysis was seem ed not so great. G a rd n e r (1989) suggested th at there should exist a site recognizing carboxylate anion of a sub strate fatty acid in L -l. In m any enzym es an argi nine residue is know n to bind a carboxylate anion of a substrate in its substrate-recognition site. Thus, an arginine residue was seem ed to be most pro b ab le candidate for the binding site in L -l. N onetheless, com parison of product specificities of intact and m odified L -l unam biguousely indi cated th at arginine residue(s) do not participate in recognition of the carboxylate anion to locate a su bstrate in a p ro p e r o rientation in the substrate binding site of L -l.
B ecause of its am phiphilic nature, linoleic acid w ould aggregate to form acid-soap and micelle in aquatic solution depending on its concentration. Som e kinds of enzym es which act on am phiphilic substances, for exam ple, phospholipase A 2, are know n to act p referen tially on a su b strate aggre gates such as m icelles, vesicles (Scott et al., 1990) . B ecause inactivation of L -l upon m odification was observed only w ith a buffer of low salt co n cen tration and low p H , changes in physical state of the substrate w ere a next can d id ate w hich m ade inactivation visible. F luorim etric titratio n o f lin oleic acid by using m -p a rin a ric acid show ed th at with the co n cen tratio n of linoleic acid used for the assay (83.3 (i m ) ab o u t 2/3 of th e sub strate form s acid-soap aggregate and 1/3 exists as a m o n o m er in both the assay m ixtures. Thus, this hypothesis should also be discarded.
It is well know n th at enzym e activities are fre quently affected by the salt stren g th of th e assay solution. This is a ttrib u tab le to changes o f activity coefficients of ions d epending on D eb y -H u ck el's theory. In this study, it was show n th a t m odifi cation of arginine residue(s) changed response of L -l against salt co n cen tratio n and pH . T hese fac tors m ust affect electro static in teractio n w ithin L -l and betw een L -l and a su bstrate. Thus, m o d i fied arginine residue(s) was thought to have a role in supporting ideal electrostatic interaction even in sub-optim al reaction conditions. A lthough argi nine residues are not involved directly in binding nonhem e iron in L -l (B oyington et al., 1993) , th ree ariginine residues (Arg515, 532 and 541) locate in and around the histidine rich region and are highly conserved within lipoxygenases of various origins. F urtherm ore, Arg707 locates in the m iddle of the cavity II which is p ostulated to be a su bstrate pocket, and Arg580 locates in the cavity I which is postulated to be a m olecular oxygen path (B oyington et al., 1993) . These are also highly con served in lipoxygenases. In o rd er to certify the role of the arginine residues quantitatively, site-directed m utagenesis should be perform ed.
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